The Escherichia coli Min system plays an important role in the proper placement of the septum ring (Z-ring) at mid-cell during cell division. MinE forms a pole-to-pole spatial oscillator together with the membranebound ATPase MinD, which results in MinD having a concentration gradient with maxima at the poles and minimum at mid-cell. MinC, the direct inhibitor of the Z-ring initiator protein FtsZ, forms a complex with MinD at the membrane, thus mirroring MinD polar gradients. Therefore, MinC-mediated FtsZ inhibition occurs away from mid-cell. The existence of the oscillations was revealed by performing time-lapse microscopy with fluorescently-labeled Min proteins. These fusion proteins have been since then widely used to study properties of the Min system. Here we show that, despite permitting oscillations to occur in a range of protein concentrations, the enhanced yellow fluorescent protein (eYFP) C-terminally fused to MinE impairs its function. Combining in vivo, in vitro and in silico approaches, we demonstrate that the eYFP compromises MinE ability to displace MinC from MinD, to stimulate MinD ATPase activity and to directly bind to the membrane. Moreover, we reveal that MinE-eYFP is prone to aggregation. Taken together, our results indicate that this fusion is functionally impaired and should be used with caution in cell biological studies.
INTRODUCTION
The discovery of the green fluorescent protein (GFP) and its deployment as fluorescent tag to be fused to proteins of interest has brought a real revolution to molecular biology. For the first time, scientists were able to observe in a time-resolved manner the localization of proteins inside living cells (1) . While snapshots obtained with fixed cells via immunofluorescence are sufficient to reveal if a protein is not homogenously distributed in the cell, only time-lapse microscopy in living cells can tell if that protein moves around in the same cell. GFP and its spectrally shifted variants (2) are exogenous to the model organisms they are typically expressed into; thus, they do not functionally interfere with endogenous cellular processes (3), unless improperly over-expressed (4) . Moreover, being relatively small (~30 kDa), they do not, in most cases, perturb the localization or function of the protein they are fused to (5, 6) . However, this is not always true. Often the problem is caused by the position of GFP within the fusion protein: where an N-terminal fusion may be perturbed, for instance, a C-terminal fusion may be fully functional (7) (8) (9) . In some rare cases, GFP is simply too large for the protein of interest, thus impairing the function/localization of the latter even when placed in a location where a smaller tag would be tolerated (10) .
Thanks to GFP, it was possible to discover that, in E. coli cells, there is a set of proteins, which quickly oscillate from one pole to the next throughout the entire cell cycle (11) . These oscillating proteins are MinC, MinD and MinE, which are encoded by the minB operon and together are referred to as the Min system. Its function is to place the cytokinetic ring (Z-ring) in the middle of the cell (11) as well as to facilitate chromosome segregation (12, 13) . In the absence of the Min system (so-called ΔminB strain), the Z-ring can form anywhere in the cell leading to the formation of chromosome-less mini-cells (14, 15) . The Min proteins are very sensitive to fusions to GFP or its derivatives. MinC-GFP does not complement the mini-cell phenotype of a ΔminC strain, while GFP-MinC does (8) . MinD-GFP is entirely dysfunctional (because it does not associate with the membrane anymore), while GFP-MinD complements the mini-cell phenotype of a ΔminDE strain when co-expressed with native MinE (11) . MinE-GFP has been contradictorily reported to be either fully functional (16) or to not complement the mini-cell phenotype unless co-expressed with GFP-MinD (17) . This sensitivity to fusions is not surprising considering the intricate set of interactions and biochemical reactions that must take place in order for the Min system to perform its tasks. MinD is an ATPase belonging to a functionally diverse subgroup of ATPases all having a deviant Walker A motif (18) . It associates with the cytoplasmic membrane via a C-terminal amphipathic helix called membrane targeting sequence (MTS) (19) (20) (21) . When bound to ATP, MinD forms a dimer (22) , which is stably associated to the membrane in the absence of MinE (19, 23) . In order to place the Z-ring at mid-cell, MinD needs to further bind to MinC, to recruit it to the membrane where MinC antagonizes FtsZ polymerization (24) (25) (26) (27) . MinD has also been shown to directly bind FtsZ to correctly position FtsZ and MinC, thus activating MinC inhibitory activity towards FtsZ (28) . To oscillate and therefore acquire the proper localization to consent Z-ring formation at mid-cell, MinD needs to also bind to MinE, which stimulates MinD ATPase activity and eventually leads to the dissociation of the dimer and the release of MinD from the membrane (29) (30) (31) . This MinE-mediated local release of MinD from the membrane, its diffusion in the cytoplasm and its re-association with the membrane in the cell area with lowest MinE concentration are the necessary events for the pole-to-pole oscillations to occur (32) . Finally, to facilitate chromosome segregation, MinD needs to bind to the DNA, although the binding surface and the precise mechanism are not yet clear in this case (12) .
Of the three Min proteins, perhaps the most fascinating is MinE. It is a small protein of 88 amino acids that forms dimers as well as higher order dynamic structures, typically referred to as E-ring (16, 33) . The E-ring delimits the shrinking MinD polar zone moving from the center towards one pole of the cell at each oscillation round. What distinguishes MinE is the conformational change it undergoes from a 6β-stranded form, where the MinD binding interface is buried, to a 4β-stranded form, where the MinD binding interface is exposed (30, 31) . MinE contains a cryptic N-terminal MTS (34) , which is in equilibrium between two states: it is either bound to the 6β-stranded form (closed form) or it is unbound (open form) (30) . In the closed form, the MTS is unable to contact the membrane. Thus, MinE is cytoplasmic and inert. In the open form, the MTS can associate with the membrane and the region of MinE that senses MinD (loop region) is free to do so. Once MinE encounters a MinD dimer on the membrane, either because itself bound to the membrane or coming from the cytoplasm, a series of conformational changes occur which eventually lead to the conversion of a β-sheet (β1) and part of the loop region into the so-called contact helix, which is used by MinE to bind MinD. The form of MinE in which the contact helix is present is the 4β-stranded form, and it represents the active protein that stimulates MinD ATPase activity triggering its release from the membrane.
As mentioned above, MinE-GFP was reported to be fully functional in one study (16) but impaired in another (17) . While in most in vitro studies MinE is visualized with fluorescent dyes rather than GFP or derivatives (35) (36) (37) , there are cases in which such fusions are employed (38, 39) . Thus, it appears that a consensus is missing as whether a C-terminal fusion of MinE to GFP or its derivatives impairs the protein function or not. Moreover, even when impairment was reported, no mechanistic explanation was provided. Here we quantitatively compare MinE and MinE C-terminally fused to the enhanced yellow fluorescent protein (MinE-eYFP) in various in vivo and in vitro assays. Specifically, we first test complementation of the mini-cell phenotype of a ΔminB strain co-expressing MinE or MinE-eYFP with MinC and MinD from a multi-cistronic construct under arabinose induction. With the purified proteins, we perform liposome cosedimentation assay with MinD as well as MinD and MinC and analyze the ability of MinE and MinE-eYFP to displace MinC from MinD and MinD from the membrane. Using coarse-grained (CG) replica-exchange molecular dynamics (REMD) simulations, we predict that the presence of the eYFP renders MinE MTS less accessible, while affecting the dimerization interface and the MinD binding surface only slightly. The predictions, moreover, point to less accessibility of arginine 21 of MinE, which is involved in the stimulation of MinD ATPase activity. We verified the model prediction performing liposome co-sedimentation assays, MinD binding assays and size-exclusion chromatography. We finally studied MinE-eYFP in vivo localization at different expression levels and show that it has the tendency to aggregate at higher concentrations. Taken together, our results indicate that fusing eYFP C-terminally to MinE impairs its ability to displace MinC from MinD, to directly bind to the membrane and to stimulate MinD ATPase activity, and renders the protein prone to aggregation.
Results

MinE-eYFP does not complement the mini-cell phenotype of a ΔminB strain as well as untagged MinE
To compare the ability of MinE and MinE-eYFP to complement the mini-cell phenotype of a ΔminB strain, we first cloned the minB operon under the arabinose-inducible pBAD promoter in pBAD33 giving rise to pBAD33 MinCDE (Fig. 1A) . We then introduced the DNA sequence coding for a short flexible linker and the eyfp gene downstream to the minE gene into pBAD33 MinCDE giving rise to pBAD33 MinCDE-eYFP ( Fig. 1A) . We transformed these plasmids as well as the empty pBAD33 into MG1655ΔminB (40) . As a control for normal cell size distribution we used the wild type MG1655 strain transformed with empty pBAD33. We performed bright-field microscopy to analyze the cell size distribution as well as the number of mini-cells in the different strains. Under the tested experimental conditions, the minB operon expressed from the pBAD33 plasmid did not perfectly complement the mini-cell phenotype of the MG1655ΔminB strain ( Fig. 1B-C ). This is in line with a previous report showing that only integration of a single copy of the minB operon into the genome of a ΔminB strain allows restoration of the wild type phenotype (15) . However, here we were interested in the comparison between MinE and MinE-eYFP rather than in a perfect complementation. The histogram shows that the strain expressing MinC, MinD and MinE-eYFP contained circa 2.6 more longerthan-wild-type cells than the strain expressing MinC, MinD and MinE (9.8% versus 3.7%; Fig. 1B ). Moreover, the presence of the eYFP on MinE led to 1.6 more mini-cells compared to those obtained with untagged MinE (Fig. 1C ).
MinE-eYFP is prone to aggregation
In the complementation experiment described above, we cannot exclude that, despite having used the same arabinose concentration, MinE-eYFP might be expressed at lower levels in the cells than untagged MinE. To check this, we would need to perform Western blotting; however, there are no commercially available antibodies against E. coli MinE. Moreover, in the complementation assay, it is not possible to separate the contribution of the individual activities of MinE or MinE-eYFP in the observed phenotype. We therefore decided to move to in vitro characterizations of the proteins. In this case, we have full control over the amount of protein and we can individually study specific biochemical activities using the appropriate assays. To purify MinE and MinE-eYFP, we cloned the respective coding sequences into the pET28a plasmid. The resulting proteins are N-terminally fused to the His (6x) and the T7 tags, separated by a thrombin cleavage site which can be used to remove the His-tag. When using our standard purification protocol, whereby cells are grown at 37 o C, MinE-eYFP was exclusively in the insoluble fraction, while MinE was mostly in the soluble one ( Fig. S1 ). To investigate whether this behavior was solely ascribable to the eYFP, we cloned the eyfp gene into pET28a and proceeded with the same purification protocol. eYFP was found in both, the soluble and the insoluble fractions, suggesting that the fusion of MinE and eYFP is more prone to aggregation than eYFP alone ( Fig. S1 ). Lowering the growing temperature to 18 o C, we were able to purify MinE-eYFP from the soluble fraction. Given this observation about the tendency of MinE-eYFP to aggregate, we analyzed MinE-eYFP localization in living E. coli cells at two different expression levels. To this aim, we transformed the pBAD33 MinCDE-eYFP construct into MG1655 ΔminB cells and induced expression of the construct with either 0.001% or 0.1% arabinose. While with 0.001% arabinose normal pole-to-pole oscillations and E-rings were visible in 95% of the cells ( Fig. 2A) , with 0.1% arabinose, 90% of the cells displayed either fluorescent clusters, which did not move over time (Fig. 2B ), or irregular oscillations ( Fig.  2C) . Interestingly, the cells were in this case extremely long (Fig. S2 ). This effect was much more pronounced for cells co-expressing MinC and MinD with MinE-eYFP than MinE.
MinE-eYFP cannot displace MinC from MinD and MinD from the membrane as well as untagged MinE
To study the ability of MinE and MinE-eYFP to displace MinC from MinD, we performed liposome co-sedimentation assays. In the absence of MinE and in the presence of ATP, MinC is recruited to the liposomes by MinD and is therefore found in the pellet fraction. At increasing MinE concentrations, MinC is increasingly displaced from MinD moving in the supernatant fraction ( Fig. 3A-B ). At the same concentrations as MinE, MinE-eYFP was unable to displace the same amount of MinC from MinD. For instance, at 1 µM, MinE displaced 95.6% of MinC from MinD, while MinE-eYFP only 42.4% (Fig. 3A ,C). Using this assay, we cannot investigate whether MinE-eYFP can activate MinD ATPase activity as well as untagged MinE, since the displacement of MinC from MinD is a pre-requisite for this to occur. It could be that MinE-eYFP can activate MinD ATPase activity as well as MinE, however it cannot displace MinC from MinD and thus MinD remains associated with the liposomes. To clarify this point, we performed liposome co-sedimentation with MinD only. We found that MinE-eYFP led to substantially less dissociation of MinD from the liposomes than that obtained with untagged MinE at all used concentrations ( Fig. 4) . For instance, while as little as 0.25 µM MinE were sufficient to release half of the liposome-bound MinD, MinE-eYFP at that concentration did not lead to any release of MinD from the liposomes. The data obtained with this assay could be interpreted as due to a defect of MinE-eYFP in MinD binding, in MinD activation or both.
MinE-eYFP has higher affinity for MinD than untagged MinE
As previously shown, MinD mutated at position D40 and lacking the last ten amino acids (MinD D40∆10 ) can be employed to investigate the binding of MinE to MinD (31) . The D40A mutation ensures that ATP hydrolysis does not occur, thus allowing a stable interaction between the proteins. The truncation of the last ten residues in MinD (Δ10) yields a very soluble protein and does not interfere with the binding between MinD and MinE. Using this assay, we found that MinE-eYFP could pull-down more MinD D40∆10 than MinE ( Fig. 5 ). Interestingly, some binding occurred also in presence of ADP. Taken together, these results and those of the liposome co-sedimentation assay suggest that MinE-eYFP is specifically impaired in the activation of the ATPase activity of MinD despite being competent to bind to it.
Coarse-grained replica-exchange molecular dynamics simulations indicate that eYFP reduces accessibility of the membrane targeting sequence and of arginine 21 of MinE
We sought to gain an insight into the molecular mechanism by which eYFP impairs the ability of MinE to stimulate MinD ATPase activity without affecting its association with MinD. We performed coarse-grained replica-exchange molecular dynamics simulations. Our aim was to investigate the diffusion accessibility of specific MinE structural elements in the context of the untagged and the fusion proteins. Reduced accessibility of a structural element, such as the MTS, in the fusion protein compared to the untagged one would indicate that this element would be somehow "buried," thus less available for interactions with other surfaces, such as the membrane. Depending on the structural element to analyze, we used either the 6β-or the 4β-stranded form of MinE. Specifically, to investigate whether eYFP would interfere with MinE dimerization, we used the 6β-stranded form, however we considered the monomer ( Fig. 6A and Fig. S3 ). We selected this form because it represents the cytosolic state prior to MinD binding and we considered the monomer because we asked the question whether dimerization would occur when eYFP is C-terminally fused to MinE. To study the effect of eYFP on membrane and MinD binding as well as on stimulation of MinD ATPase activity, we used the (dimeric) 4β-stranded form ( Fig. 6B and S3) . To obtain the full-length 4β− and 6β-stranded structures of E. coli MinE, we performed homology modeling using the software MODELLER (41) . As template structures we used the NMR structure of the 6β-stranded form of Neisseria gonorrhoeae MinE (42) and the X-ray crystal structure of E. coli MinE 12-88 in its 4βstranded form lacking the MTS (31). To capture the dynamic nature of the proteins, we ran replica-exchange molecular dynamics (REMD) simulations. Compared to standard MD simulations, REMD simulations provide enhanced sampling of the conformational state of a protein by considering conformations at different temperatures having similar potential energies (43) . We additionally opted for coarse-grained (CG) atom simplification to achieve both accuracy and speed in REMD simulations (41) . Since MinE has two dimerization interfaces (Fig. 6A) , we analyzed the accessibility of both. However, it has to be noted that interface 1, constituted by the β1-sheet, is only transiently used for dimerization, as this part of the protein becomes the contact helix once bound to MinD (30, 31) . The CG REMD simulations suggested that the eYFP might render the dimerization interface 1 less accessible, while leaving interface 2 unaffected (Fig. 6C) . Given the predominant role of interface 2, we concluded that eYFP was likely not to impair MinE dimerization. We then analyzed the potential effect of eYFP on direct membrane and MinD binding of MinE by looking at the accessibility of the MTS and the contact helix in the 4β-stranded form of MinE-eYFP, respectively. The CG REMD simulations indicated that the MTS became considerably less accessible, while the MinD interaction surface was only slightly affected (Fig. 6C) . These theoretical results, therefore, corroborated our experimental findings that MinE-eYFP binds MinD and offered the prediction that MinE-eYFP might bind less the membrane. Finally, we investigated the diffusion accessibility of arginine at position 21 (R21), known to be involved in the stimulation of MinD ATPase activity (44) , in the 4β-stranded form of MinE-eYFP. R21 is found within the MinD binding interface (Fig. 6A,B and S3 ). Interestingly, while overall the MinD binding interface was only marginally less accessible, the diffusion accessibility score of R21 was substantially lower in MinE-eYFP compared to untagged MinE (Fig. 6C) . These results suggest that the potential mechanism by which the presence of the eYFP reduces MinE activation of MinD is the reduced accessibility of R21.
MinE-eYFP direct membrane association is impaired as computationally predicted
To test the prediction that eYFP reduces the accessibility of MinE MTS, we performed a previously described liposome co-sedimentation assay with only MinE (34) . The cryptic MTS at the N-terminus of MinE is in equilibrium between the closed and the open state. In the open state, the MTS can associate with the membrane, but the association is reversible and, thus, only a minor fraction of MinE is found in the pellet (Fig. 7A-B ) compared to, for instance, the amount of MinD that associates with the liposomes in the absence of MinE (Fig. 4) . MinE-eYFP did not associate with the liposomes (Fig. 7A-B) ; rather, it was found in the pellet regardless of the presence of the liposomes, suggesting aggregation. To understand if lack of direct membrane association is the cause of the observed impairment of MinE-eYFP in the activation of MinD ATPase activity, we cloned a truncated MinE lacking the first twelve residues constituting the cryptic MTS (MinE 13-88 ). This mutant was able to displace MinD from the liposomes as efficiently as the wild type ( Fig.  8C ), indicating that direct association of MinE with the liposomes is not necessary to activate MinD ATPase activity.
MinE-eYFP dimerization is not affected as computationally predicted
To test the prediction that eYFP does not affect the accessibility of the dimerization interfaces of MinE, we performed size exclusion chromatography (SEC) with MinE and MinE-eYFP. MinE eluted as a tetramer, in line with previous observations (45) , while MinE-eYFP as a dimer (Fig. 8) . These results indicate that MinE-eYFP is indeed not affected in its dimerization.
Discussion
In this study, we have systematically compared MinE and MinE-eYFP using a combination of in vitro and in vivo assays and demonstrated that MinE-eYFP is functionally impaired compared to untagged MinE. Especially the in vitro assays allowed us to assess the behavior of the proteins at the same concentrations ruling out the possibility that impairment may be due to lower abundance of MinE-eYFP. To gain insight into the potential mechanism by which eYFP may be affecting MinE, we performed coarse-grained replicaexchange molecular dynamics simulations. These indicated that eYFP decreases the accessibility of MinE MTS as well as of arginine 21, while leaving the dimerization as well as the MinD binding interfaces unaffected. We validated these predictions by performing liposome co-sedimentation and pull-down assays, and size-exclusion chromatography. Since direct membrane association is not necessary for MinE to dislodge MinD from the liposomes in the co-sedimentation assay used here, as shown in Fig. 7C -D, the diminished accessibility of arginine 21 is the likely reason why MinE-eYFP is not as effective as untagged MinE in the activation of MinD ATPase activity. In vivo, however, diminished direct association of MinE with the membrane does affect the Min oscillations and the proper functioning of the Min system (31, 34) . Thus, we expect that the interference of eYFP with the association of MinE MTS with the membrane is one of the reasons behind the impairment of MinE-eYFP in the complementation of the mini-cell phenotype (Fig.  1A) .
Interestingly, we found that MinE-eYFP is much less efficient in displacing MinC from MinD compared to untagged MinE (Fig. 3) , despite binding even better to MinD (Fig. 5 ). Since the mechanism by which MinE displaces MinC from MinD is not yet clear, we could not computationally analyze the effect of eYFP towards this functionality of MinE. What is known is that MinC and MinE bind MinD at overlapping surfaces, formed upon MinD dimerization (46) (47) (48) (49) (50) , and that MinE displaces MinC from MinD without requiring the ATP hydrolysis step (51, 52) . However, it is not known if MinE and MinC always occupy the same dimeric face or opposing ones, or if both scenarios are possible. In either case, MinE is likely to trigger a conformational change in MinD to displace MinC. Alternatively, MinE would have to directly interact with MinC and then actively repel it from its binding pocket. To our knowledge, no residues have been identified that are involved in these processes. With the current data set, we cannot discern if eYFP impairs the direct interation between MinE and MinC and the consequent repulsion of MinC or the conformational change in MinD necessary for the unbinding of MinC.
Finally, we have observed that the fusion to eYFP triggers aggregation of MinE ( Fig. S1A and Fig.5A ). This is not due to the intrinsic aggregation propensity of eYFP, since we have shown that eYFP alone is partially soluble (Fig. S1B) . Indeed, we have used the eYFP A206K mutant known to favor the monomeric state of the protein (53, 54) . We speculate that eYFP favors the open state of MinE by interacting with the MTS; the eYFP would therefore play a similar role as, for instance, the I25R mutation in MinE (31) . However, in case of MinE-eYFP, the MTS is less accessible for membrane insertion exactly due to the interaction with the eYFP contrary to the situation in MinE I25R , where the MTS is constitutively bound to the membrane. The open state allows the exposure of the loop region and the β1-sheet that become the contact helix upon MinD sensing (30) . In the absence of MinD or when MinE concentration exceeds that of MinD, this region could lead to the formation of amyloid fibrils as previously reported (55) .
In conclusion, given the functional impairment of MinE-eYFP, it is advisable to adopt alternative labeling strategies to study properties of the Min system in vivo. One such strategy could be click-chemistry-mediated site-specific labeling with fluorescent dyes (56) . This technique is rather demanding, though, as it requires the genetic incorporation of non-canonical amino acids in the protein to be labeled. A more convenient alternative is the use of chromobodies, which can be expressed inside living cells and have the advantage to label endogenous molecules (57, 58) .
Experimental procedures
Plasmid construction
The E. coli minC, minD and minE genes were individually amplified from the MG1655 genome with primer pairs containing BamHI and HindIII restriction sites at the 5' and 3' ends, respectively. The double-digested DNA fragment was ligated into the multiple cloning site of pET28a also double-digested with BamHI and HindIII, yielding plasmids pET28a-MinC, pET28a-MinD and pET28a-MinE. Similarly, pET28a-eYFP construct was also made. The eyfp gene was amplified using pBDV-15 as the template (12) . The complete minB operon in the negative strand of the E. coli MG1655 genome (NCBI accession number: NC_000913.3) starting from chromosomal position 1224279 to 1226137 was amplified by PCR with a primer pair containing SacI and HindIII restriction sites at the 5' and 3' ends, respectively. The double-digested PCR product was ligated into pBAD33 plasmid also double-digested with the same restriction enzymes, yielding plasmid pBAD33 MinCDE . For constructing pET28a-Strep-MinD D40AD10 plasmid, first the D40A mutation was introduced into pET28a-MinD by site-directed mutagenesis according to the manufacturer's protocol. Then, the pET28a plasmid backbone was amplified without the region between NcoI and HindIII restriction sites using pET28a-empty as the template. Using pET28a-MinD D40A as template, minD D40A was amplified by PCR with a forward primer containing 5' Strep-tag sequence and a reverse primer with a stop codon. This reverse primer anneals 33 nucleotides upstream the actual stop codon of minD. Finally, the amplified pET28 plasmid backbone and the Strep-MinD D40AD10 insert sequence were assembled together by Gibson Assembly® method. The complete pBAD33 MinCDE plasmid, without the stop codon after minE, was amplified via PCR resulting in linearized amplicon. The eyfp gene was amplified with a forward primer containing the BamHI restriction site at the 5' end followed by nucleotides coding for amino acids 'GGG' and a reverse primer with a stop codon. The backbone and insert were assembled via Gibson Assembly® to yield pBAD33 MinCDE-eYFP . Similarly, the complete pET28a-MinE plasmid, without the stop codon, was amplified by PCR and assembled via Gibson assembly with the eyfp insert to yield pET28a-MinE-eYFP.
Microscopy
Bacterial cultures were grown overnight in 4 mL nutrient broth (LB) with 35 mg/mL chloramphenicol. The overnight cultures were diluted in fresh tryptone broth (pH adjusted to 7.5) containing chloramphenicol with a starting OD 600 of 0.1. The cultures were grown until OD 600 of 0.5 after which different concentrations of arabinose were added and the protein expression was induced for 3 hours before performing microscopy. Microscopy slides were prepared by embedding the bacterial samples into 0.5 % tryptone agar pads. Imaging was done using a Zeiss Axio-Observer wide-field microscope equipped with a cooled CCD-camera 'AxioCam MRm', an alpha-Plan-APOCHROMAT 100x objective, the Colibri.2 LED light source and the filter set for eYFP. Bright-field images were acquired to measure cell length.
Protein expression and purification
E. coli Rosetta™ (DE3) pLysS strain was transformed with the appropriate pET28 plasmid. The overnight bacterial culture was diluted in 1L fresh nutrient broth containing 50 µg/mL kanamycin to a starting OD 600 of 0.1. The culture was grown in a shaker at 37 o C until OD 600 of 0.5 after which 1 mM IPTG was added to induce protein expression. All proteins were induced for 3 hours at 37 o C and the cells were harvested by centrifugation. Additionally, MinE-eYFP expression was carried out at 18 o C for 12 hours to obtain a soluble protein. The pellets were resuspended in lysis buffer (50 mM potassium phosphate pH 8.0, 300 mM NaCl and 10 mM imidazole pH 8.0) containing 0.2 mM ADP, 0.2 mM MgCl 2 and cOmplete™ protease inhibitor cocktail tablet (Roche), and lysed by sonication. The lysate was clarified by centrifugation at 20,000 rpm at 4 o C and loaded onto an IMAC nickel column (1 mL) using the Bio-Rad NGC chromatography system. The column was washed with wash buffer (same as lysis buffer but with 20 mM imidazole and 10 % glycerol) and eluted with elution buffer (same as lysis buffer but the pH of potassium phosphate is 7.5 with further addition of 10 % glycerol and 500 mM imidazole). Finally, the elution buffer was replaced with storage buffer (50 mM HEPES-KOH pH 7.25, 150 mM KCl, 10 % glycerol and 0.1 mM EDTA pH8.0) using a P-6 desalting column (10 mL). The purified protein was aliquoted and the aliquots were stored at -80 o C. In all experiments but the pull-down assay, the His-tag was removed from the protein using the Thrombin CleanCleave™ Kit from Sigma-Aldrich. For the purification of Strep-MinD D40A Δ 10 , Strep-Tactin® cartridge (IBA GmbH, Göttingen, Germany) and the corresponding buffers were used as per the manufacturer's protocol on the Bio-Rad NGC chromatography system. Buffer exchange was performed with the P-6 desalting column (10 mL) as done for the proteins purified with the IMAC nickel column.
Liposome co-sedimentation assay
Only MinD (2 µM) or MinD (2 µM) and MinC (2 µM), was/were incubated with 500 µg/mL liposomes (prepared from E. coli phospholipids; kind gift of Chris van der Does, University of Freiburg), 1 mM ATP, 5 mM MgCl 2 and different concentrations of MinE or MinE-eYFP for 15 minutes at room temperature. The reaction mixture was centrifuged at 14,000 rpm for 20 min and the supernatant and the pellet were collected separately. The samples were then boiled at 95 o C in 1x Laemmli buffer and loaded onto a 12% Mini-PROTEAN® TGX™ precast protein gel. The gel was then stained using InstantBlue™ protein stain (Expedeon Ltd, Cambridge, UK) and imaged using UVP UVsolo touch (Analytik Jena, Germany). 
Pull-down assay
Size-exclusion chromatography
Chromatography was performed on the AZURA® fast protein liquid chromatography system (KNAUER) in a buffer consisting of 50 mM HEPES-KOH pH 7.25, 150 mM KCl, 0.1 mM EDTA pH 8.0 and 10 % glycerol. BSA (X µM), CA (X µM), MinE (13 µM) or MinE_eYFP (13 µM) were injected into a Superdex 200 column (GE Healthcare). The column was driven Flow rate was adjusted to 0.5 ml/min and run was performed at room temperature (23 o C).
Image analysis and statistics
Cell length and mini-cells quantifications were performed using Fiji (https://fiji.sc/) (59) .
Molecular modeling of MinE and MinE-eYFP structures
The NMR structure of the full-length 6β-stranded form of Neisseria gonorrhoeae MinE (PDB id: 2KXO, residues 1-87) and the partial X-ray crystal structure of the 4β-stranded E. coli MinE (PDB id: 3R9J, residues 12-88) were used as templates for molecular modeling. We applied a two-steps approach to generate the complete model structures of 6β and 4β E. coli MinE and MinE-eYFP. First, the 3β and 2β MinE monomer structures were modeled and then the 6β and 4β MinE dimer structures were obtained by using the following protocol: the MODELLER 9.21 software (41) was used to model the E. coli MinE 3β-stranded structure using PDB id: 2KXO as template and the E. coli MinE 2β-stranded structure using PDB id: 3R9J as template. The 3β and 2β monomers model structures were aligned to their MinE templates to generate the 6β-and 4β-stranded MinE dimer structures. Further, the 3β and 2β monomer structures of MinE-eYFP were modeled using PDB id: 1OXD, 2KXO and 3R9J as templates. Similarly, the generated 3β and 2β monomer MinE-eYFP structures were aligned to their MinE templates to obtain the 6β and 4β MinE-eYFP dimer structures. The secondary structure elements of the 6β and 4β model structures of E. coli MinE were analyzed using the STRIDE web-server (60) and surfaces important for MinE function, namely the membrane targeting sequence (MTS), the MinD binding interface, the MinE dimerization interfaces 1 and 2 , and the MinE polymerization interface were assigned on the secondary structure elements.
Coarse-grained (CG) replica exchange molecular dynamics (REMD) simulations
We used the UNRES web-server (61) to run 5 independent CG REMD simulations of 1000000 steps each for the 3β (monomer) and 4β (dimer) model MinE-eYFP structures. The first cluster structures output of each REMD simulation were recorded. Diffusion accessibility calculations were conducted for monomer and dimer 6β and 4β MinE and MinE-eYFP structures on a web-based platform (62). Figure 1 . MinE-eYFP does not complement the mini-cell phenotype of a ΔminB strain as well as untagged MinE. A, schematics of the constructs. The linker used is 'GSGGG'. B, cell length distribution of the indicated strain transformed with the indicated plasmid. Expression from the pBAD promoter was induced with 0.0001% arabinose. The number represents the percentage of cells longer than 4 µm. C, bar plot showing the percentage of mini-cells for the indicated strains. n, total number of cells analyzed. The percentage of mini-cells was calculated as the ratio between the number of mini-cells and the total number of cells. 
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